Abstract. This study examined the fatigue properties of a newly developed cast and thermomechanical processed (β)-Ti-40Nb alloy for a possible application as biomedical alloy due to exceptional low Young's modulus (64-73 GPa), high corrosion resistance and ductility (20-26%). Focusing on the influence of two microstructural states with fully recrystallized β-grain structure as well as an aged condition with nanometer-sized ω-precipitates, tension-compression fatigue tests (R=-1) were carried out under lab-air and showed significant differences depending on the β-phase stability under cyclic loading. Present ω-precipitates stabilized the β-phase against martensitic α'' phase transformations leading to an increased fatigue limit of 288 MPa compared to the recrystallized state (225 MPa), where mechanical polishing and subsequent cyclic loading led to formation of α''-phase due to the metastability of the β-phase. Additional studied commercially available (β)-Ti-45Nb alloy revealed slightly higher fatigue strength (300 MPa) and suggest a change in the dominating cyclic deformation mechanisms according to the sensitive dependence on the Nb-content. Further tests in simulated body fluid (SBF) at 37°C showed no decrease in fatigue strength due to the effect of corrosion and prove the excellent corrosion fatigue resistance of this alloy type under given test conditions.
Introduction
In the last two decades intensive research was carried out to develop new titanium alloys for the use as implant materials [1] [2] [3] [4] .
Focus of this research efforts were mostly ß-titanium alloys, since they show the lowest Young's modulus compared to α and (α+β) alloys while providing the possibility to a significant stiffness reduction due to tailored composition and thermomechanical treatment. Major advantage of these properties is the minimization of "stress shielding effects", which can lead to bone atrophy, impaired healing and consequently premature failure or loosening of implants due to the high difference of Young's moduli compared to the cortical bone [1] [2] [5] [6] [7] [8] . This is particularly important in case of implants for osteoporotic bones, which have a lower mass and density then the healthy bone and consequently an even more reduced stiffness corresponding to elastic modulus values <10 GPa [9] .
The primary challenge is to maintain excellent static and cyclic strength while providing an alloy with lowest possible Young's modulus [1, 10] . The fatigue behavior of new β-titanium alloys with low stiffness is therefore of central relevance, especially under the effects of corrosion [11] [12] [13] [14] . Thus, many strengthening strategies involving diverse thermomechanical treatment strategies to positively influence the fatigue strength were in focus of research. Whereas work hardening for instance increases the static strength, fatigue strength remains mostly unaltered [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The most significant effect in case of TiNb-based alloys seems to be possible due to precipitation and grain boundary hardening in order to effectively hinder dislocations to move through the material and thus, positively influence the fatigue limit [16, 18] .
Another way to improve the fatigue strength is particle dispersion (e.g. yttrium oxide, titanium boride) in the matrix of these alloys or increasing the oxygen content [25] [26] [27] [28] [29] .
Precipitation of hexagonal omega (ω)-phase is another promising approach and proved to be enhancing the fatigue strength of TNTZ [30] . Detrimental effects with higher volume content of ω-phase are an increase in Young's modulus as well as lower ductility due to the brittle nature of this phase. Consequently the content, distribution and size of the ω-precipitates have to be well under control with aging time and temperature depending on the exact alloy composition. Whereas TiNb-based β-titanium alloys without ω-phase show, determined by the exact alloy composition, the e/a MATEC Web of Conferences 165, 06001 (2018) https://doi.org/10.1051/matecconf/201816506001 FATIGUE 2018 relation and the bond order (Bo value)/d-electron-orbital energy level (Md value), typical stress-induced α''-phase formation as well as mechanical twinning, present isothermal or athermal ω-precipitations influence these features to great extent [31] [32] [33] . Moreover, diverse features like stress-induced ω-bands and "dislocation channels" depleted on ω-precipitations can be part of the deformation process, which was studied by Lai et al. in gum metal [34] . The additional sensitive dependence on the Nb-content and thus β-phase stability at room temperature [32, 35] combined with changed deformation features made TiNb-based β-titanium alloys to very promising but also very complex implant materials, whose successful application is particularly determined by the fatigue properties and cyclic deformation behaviour.
Hence, this study aims at the identification of differences in S-N based fatigue properties of a binary (β)-Ti-40(wt%)Nb alloy with and without isothermal ω-precipitations. Comparisons will be drawn to a previous study focusing on the notch effect due to an industrial surface condition of the same alloy [36] . Furthermore commercially available (β)-Ti-45(wt%)Nb was studied to comprehend influences of Nb-content and first invitro tests are carried out to assess corrosion fatigue.
Experimental methods

Alloy processing and machining
All samples of Ti-40(wt%)Nb were produced through a two-step casting process consisting of arc melting of the pure elements cp2-Ti (99,7%) and Nb (99,9%) in highly purified argon followed by remelting via induction heating of the pre-alloys and casting into a cylindrical water-cooled Cu mold. Additional remelting steps were carried out to ensure the homogeneity of the β-titanium alloy.
Solution heat treatment (1273 K, 24 h) of the as-cast rods was carried out to resolve possible microsegregations followed by water quenching. In order to achieve a sheet form for further processing as well as grain refinement and work hardening, the rods were coldrolled in several steps to a final thickness reduction of 93% (ϕ total = 2.66). Recrystallization (1073 K, 20 min) was executed between cold-rolling and at the end of the thermomechanical treatment. (β)-Ti-40Nb samples with ω-phase were additionally aged at 573K for 4h to get a controlled precipitation of nanometer-sized ω-particles in the ß-matrix. Further details of the alloy processing can be found in our previous studies [16, 35] .
The investigated (β)-Ti-45(wt%)Nb alloy was bought in rod form with a diameter of 15 mm from MetSuisse Distribution AG and processed in the USA of ATI Specialty Alloys & Components.
In preparation for the fatigue tests all studied samples were furthermore machined according to the geometries in Fig.1 . (β)-Ti-40Nb sheet samples were laser-cut in agreement with our previous study [36] . Recrystallized samples, afterwards called Ti-40Nb-Rk, and aged samples with omega ω-precipitations, afterwards called Ti-40Nb-Om4h were subsequently stepwise mechanically polished (Grit 2500) to remove the thin oxide layer from the heat treatment and to minimize surface roughness related notch influences and the heat affected zone (HAZ)) from the laser cutting [36] . (β)-Ti-45Nb rods were turned to the given geometry (Fig 1b) and also mechanically polished to Grit 2500. 
Static and Fatigue tests
After processing and machining of the samples, uniaxial tensile tests on (β)-Ti-40Nb were conducted to assess fundamental effects in the static behavior due to aging. Known values of industrial (β)-Ti-45Nb were obtained from the datasheet of the manufacturer. Load-controlled tension-compression (R= -1) fatigue investigations were carried out subsequently. A servo-electric test system (Thelkin) was used for the fatigue study. All tests at laboratory air were executed at 20 Hz after carefully adjusting the test system control parameters. These parameters regulate, depending on the stiffness and the strength of the samples, the vibration behaviour (optimal sinus curve) of the tested material.
To assess the fatigue range of the material loadincrease tests were carried out followed by regular single-step tests on 3 to 4 stress levels each with 2 to 4 samples for each tested condition.
Most of the investigations were realized in lab-air under pressurized air cooling. The (β)-Ti-45Nb were additionally studied in simulated body fluid (SBF) to evaluate the possible influence of corrosion fatigue. The developed set-up is depicted in Fig.2 . A built in heating plate holds the test temperature at a constant temperature of 310 K ± 2K (37°C). Ringer's solution consisting of a mixture of different chlorides (Tab.1) was used as SBF.
Sample mass was measured before and after the fatigue tests. Frequency adjustment to 10 Hz was necessary to obtain stable sinus-curve testing under in-vitro conditions. 
Analytical investigations
Before and after the fatigue tests different analytical methods were used. The microstructure before cyclic loading was assessed with light and high-resolution electron microscopy. The high metastable character, especially of the recrystallized samples (Ti-40Nb_Rk) could be origin of possible phase transformation due to laser cutting or mechanical polishing.
XRD-measurements were executed after the processing of (β)-Ti-40Nb and TEM investigations were carried out to establish an understanding of the size and distribution of the ω-precipitations. After the fatigue tests detailed fractographic analysis was conducted to identify crack origin and important characteristics of fatigue failure.
Results and discussion
Microstructure and phase investigations
The microstructural condition before the fatigue tests but after the laser cutting and subsequently mechanical polishing steps of the Ti-40Nb_Rk samples is depicted in Fig. 3 .
Compared to the initial microstructure immediately after the thermomechanical treatment with single (β)-grain structure, local phase transformation can clearly be identified. A higher magnification of the light microscopy investigations reveals formation of α''-phase during the preparation of the samples. Either local heat development during laser processing or applied residual compression stresses from the mechanical polishing could result in the activation of the phase transformation, due to the high metastable character of this alloy condition. Special relevance obtains this result considering the high importance of laser processing for implant materials in automatized industrial process chains [36] .
The aged Ti-40Nb_Om4h samples are on the contrary free of α''-phase after the processing and preparation steps and consist only of β-phase and ω-precipitates with an intermediate size of around 10 nm, which are not present in the Ti-40Nb_Rk samples.
Hence, it appears that the isothermal precipitates operate as stabilizer for the metastable β-matrix against phase transformations at a Nb-content of 40 wt%. The major reason for the higher stability of the ß-phase is most likely a further reduction of the martensitic finish temperature (M f ) below room temperature due to the presence of the ω-phase, which normally is valid for binary Ti-Nb alloys over 42 wt% Nb [31] . In addition to the higher stability of the β-phase, the presence of the ω-phase also suppresses superelasticity and shape memory effects in the Ti-40Nb alloys, as could be observed in the recrystallized Ti-40Nb_Rk samples (Fig. 3) without ω-phase [31] [32] .
Results of the XRD-analysis as well as the TEMinvestigation of the aged condition (Ti-40Nb_Om4h) are shown in Fig. 4 . The XRD plot exhibits weak but distinct additional peaks of ω-phase. The close structural relationship of the ω-and the β-phase results in a high similarity of their diffraction patterns and an overlap of the β-reflections with reflections of the ω-phase. The slightly lower intensity of the β-peaks in the aged condition is however another effect due to the presence of the isothermal ω-precipitates and an indication for slight texture changes after the aging treatment [30] . The dark field TEM image (Fig. 4b) shows the homogeneous distribution and size of the hexagonal ω-phase. Distortion effects can thereby assigned to possible preparation effects caused by focused ion beam (FIB). Analyses reveals that the ω-phase is oriented to β after the common relationship [111] ß // [0001] ω and four variants are presented by four reflections in the TEMdiffraction pattern. One reflection is particularly strong, whereas the neighbour reflection is almost undetectable (marked in Fig. 4b ), which is typically proof for the preferred precipitation of a distinct variant [37] . Similar results are found e.g. by Nakai et al. in aged TNTZ [30] .
The commercially available (β)-Ti-45(wt%)Nb alloy shows compared to the thermomechanically treated (β)-Ti-40Nb alloy a single β-grain structure with linear segregations of α''-phase (not depicted). This feature is distributed alongside the studied rod and very likely caused due to the extrusion process during manufacturing.
From the standpoint of phase stability and the relevant Bo-Md-diagram for this binary alloy with 45 wt% Nb only β-phase should be present at room temperature [32, 34] . However, an inhomogeneous alloy microstructure is present, which might influence the fatigue behaviour, e.g. crack initiation from microstructural barriers (e.g. α''-β phase or grain boundaries) or defects at the interior of the material [38] .
Mechanical behavior
Static properties
The mechanical properties of the alloys studied under static load are summarized in Table 2 . All alloys show similar low Young's moduli between 62-73 GPa, which is favourable to minimize "stress-shielding", but show very different strength and ductility values.
A significant precipitation hardening effect can be identified in the aged Ti-40Nb_Om4h samples due to the nucleation and growth of isothermal ω-precipitates compared to the recrystallized Ti-40Nb_Rk samples. Associated with that is on the one hand the slight increase in Young's modulus to 73 GPa and the decrease of ductility due to the brittle nature of ω. At the same time an increase in ultimate tensile strength up to 718 MPa can be observed. An acceptable compromise between static strength and low Young's modulus can be achieved by careful adjustment of the aging parameters. In the given study this was the case for an aging for 4h at 573 K, thus limiting the size and volume fraction of the ω-phase. In addition, the typical "double-yielding" phenomenon caused by the stress-induced α''-transformation, which could be observed for the Ti-40Nb_Rk samples, is almost fully suppressed in the aged condition. The β-matrix is consequently effectively stabilized and strengthened with the presence of ω-phase in form of isothermal ω-precipitates.
The static strength of the commercially available (β)-Ti-45Nb alloy depicted in Table 2 shows an intermediate value with very high ductility and low Young's modulus, although direct comparison to the self-processed (β)-Ti40Nb is limited mainly due to the influence of the different sample geometries. However, without the ω-phase the slightly higher Nb-content shifts this alloy to a more stable character, due to the sensitive dependence of the mechanical behaviour of binary Ti-Nb alloys on its chemical composition [31, 34, 40] .
Fatigue results
The fatigue properties of the two studied Ti-40Nb conditions are depicted in Fig. 5 .
Whereas the recrystallized state (Ti-40Nb_Rk) shows a tension-compression fatigue limit of σ a = 225 MPa at 2x10 6 cycles, the aged condition with present ω-precipitations has a superior fatigue strength of around σ a = 288 MPa. Since both heat treatment conditions were tested with the same mechanically polished surface and the same Nb-content of 40 wt% this is a clear indication of the effectiveness of the additional aging treatment. The precipitation hardening on the basis of the ω-phase proves to be an important factor regarding the successful application of Ti-40Nb as implant material. The improved mechanical properties of Ti-40Nb are in accordance with other studies on aged TNTZ and other dispersion strengthened TiNb-based alloys [28] [29] [30] . The relatively pronounced scatter of the fatigue results is caused by the inhomogeneous local formation of α''-phase in the Ti40Nb_Rk samples (Fig. 3) . Moreover, it has to be mentioned that due to the high degree of cold-rolling (ϕ total = 2.66) and the subsequent heat treatment a minimal bending load due to a slight uneven surface of the Ti-40Nb_Om4h samples could not be completely ruled out.
Comparing the results presented in Fig. 3 with results of a previous study of Ti-40Nb-Rk samples with the same geometry and test conditions [36] but with laser cut surface a remarkable increase of fatigue strength from σ a = 150 MPa (laser cut surface) to σ a = 225 MPa (mechanically polished surface) is apparent. The effect introduced by the laser cut surface can be determined by a notch factor K f of 1.5. Fig. 6 shows the fatigue results for the (β)-Ti-45Nb alloy in lab-air as well as in Ringer's solution as simulated body fluid. The cyclic strength of both test conditions is comparable and no significant decrease due to the influence of corrosion is detectable leading to a fatigue limit of σ a = 300 MPa at 2x10 6 cycles. Mass difference before and after the fatigue tests did not give any evidence of corrosion effects. Visual inspection in SEM and light microscopy also showed that no corrosion developed during fatigue testing proving the already studied excellent corrosion resistance of (β)-Ti45Nb [13, 41] . A direct comparison of (β)-Ti-45Nb with the recrystallized and aged condition of the (β)-Ti-40Nb alloy is restricted due to the difference in sample geometry, however a slightly superior fatigue strength of (β)-Ti45Nb is undeniable, even considering the effect of precipi-tation hardening in Ti-40Nb_Om4h. Comparing the studied binary Ti-Nb alloys with classical Ti-alloys such as Ti-6Al-4V, the cyclic strength of these renowned alloys cannot yet be reached.
However, in combination with its excellent biocompatibility and the very low Young's modulus the newly developed (β)-Ti-40Nb alloy, in particular in the aged condition, proves a high potential for future application as implant material [1] .
Fracture surface analysis
All studied samples were subject of detailed fractographic analysis after the fatigue tests and all alloys and conditions show crack initiation at the surface. However, distinct differences in failure behaviour can be detected. Fig. 7 depicts typical fracture surfaces of the (β)-Ti40Nb alloy. The recrystallized condition (Ti-40Nb_Rk) shows transgranular cracks initiating from the sample surface. Higher stress amplitudes σ a result in multiple crack initiation sites (Fig. 7a) , whereas stress amplitudes below values of 250 MPa lead to single crack initiation. A detailed inspection reveals ductile fatigue fracture characteristics with striations in the area of fatigue crack propagation, while dimples indicate the ductile nature of the material in the overload fracture area. Cracks are growing radially outgoing from the initiation site. A feathered and faceted structure can be identified in higher magnifications, which appears to be a sign for high amounts of stress-induced α''-phase in this binary ß-titanium alloy.
Thus, the high instability of the β-phase at 40 wt% Nb seems to provide enough driving force to cause formation of localized α''-phase [31] . Whether this transformation is a result of the cyclic deformation or whether it was already present before fatigue testing has yet to be analyzed. In any case, the localized α''-phase in the near surface region acts as potential crack initiation site.
Compared with the widely studied static deformation behaviour and the expectable mechanisms after the BoMd diagram, slip and twinning should be dominating for this alloy group [32] . Kim et al. [42] studied the effects of superelasticity and shape memory emerging from a Nb-content of around 40 wt% and directly linked it with the double yielding behaviour and necessary minimal stresses below 200 MPa for α''-formation and reorientation. Hence, the cyclic stresses above this value in this study seem to initiate preferred transformation from β to α'' compared to deformation due to slip and twinning [31, 42] .
Fracture surfaces of the aged condition with ω-precipitations present in the β-matrix (Ti-40Nb_Om4h) are of intergranular appearance with cleavage structures instead of facets. This indicates a more brittle fatigue failure. The cleavage structures are more pronounced in the samples with high stress amplitudes σ a . While cracks initiate from the sample surface in all cases, no multiple crack initiation sites were observed irrespective of the stress amplitude.
Fatigue crack paths are in many cases not perpendicularly oriented to the applied stress but rather in 35 to 45 degree following preferred crystallographic planes according to Schmidt's law.
The more brittle nature of fatigue failure in the aged samples are in good agreement with the superior proof and ultimate tensile strength as well as decreased ductility (Table 2) . Since superelasticity and shape memory effects are almost fully suppressed by the ω-phase, cyclic deformation seems to be shifting towards dominating dislocation slip and possible twinning mechanisms. As a result initial crack formation (stage I) occurs along the plane of maximal shear stress [43] .
The higher Nb-content in the additionally studied (β)-Ti-45Nb alloy results in fracture surfaces as depicted in Fig. 8 . Like both conditions of the (β)-Ti-40Nb alloy fatigue cracks always initiated at the surface of the samples.
Higher magnification shows similar transgranular appearance compared to the fracture surface of the Ti40Nb_Rk samples with α''-phase formation. Following the phase stability approach according to the electronic parameters of the Bo-Md diagram the higher Nb-content should inhibit stress-induced α''-phase formation and cause deformation dominated by slip bands [31, 34] .
Fig. 8. Fracture surface analysis of Ti-45Nb alloy
Comparing the fracture surfaces, stress-induced α''-phase formation seems to be indeed an active cyclic deformation mechanism as well and must be subject of further investigations.
Regarding the influence of corrosion, no differences between the samples tested in air and in Ringer's solution are detectable, neither directly on the fracture surfaces nor at the radius area near the crack initiation site. This suggests that the natural forming oxide layer, which mainly consists of ductile Nb 2 O 5 for Ti-Nb-based alloys instead of the more brittle TiO 2 of e.g. cp-titanium or Ti6Al-4V, is effective enough to resist early corrosion fatigue failure [13] [14] 41 ].
Conclusions
Focus of the current study was the fatigue behavior of two binary (β)-Ti-Nb alloys and the influence of thermomechanical treatment as well as environment due to corrosion fatigue. A recrystallized and an aged condition with ω-precipitations of a newly developed Ti-40(wt%)Nb alloy were investigated and compared with results of industrial commercially available (β)-Ti-45(wt%)Nb alloy. The findings can be summarized as follows:
(1) The fatigue strength at 2x10 6 cycles of the aged (σ a = 288 MPa) and the recrystallized condition (σ a = 225 MPa) of the Ti-40Nb alloy differed significantly, caused by the contribution of precipitation hardening and the stabilizing character of the ω-phase against α''-phase formation.
(2) Aging of Ti-40Nb and the resulting less ductile deformation behaviour also became apparent in the fracture surfaces formed during fatigue loading. The recrystallized condition shows transgranular, more ductile failure perpendicular to the cyclic load direction, whereas the aged condition fails with a more brittle, intergranular characteristic alongside preferred crystallographic planes.
(3) The commercially available (β)-Ti-45Nb (σ a = 300 MPa) alloy showed slightly superior fatigue strength compared to the aged (β)-Ti-40Nb alloy. Irrespective of the higher ß-phase stability from the higher Nb-content, the fracture surface analysis revealed similar characteristics as the aged condition of (β)-Ti-40Nb.
(4) No significant influence of corrosive environment on the fatigue strength could be observed during invitro testing, proving the excellent biocompatability of the tested binary (β)-Ti-Nb alloy.
